During the past 3 years there has been increased interest in applying high-resolution solid-state nuclear magnetic resonance (NMR) spectroscopy to the study o f inorganic solids such as minerals and heterogeneous catalysts
. Under these conditions, scalar couplings (13) , isotropic chemical shifts, and Knight shifts (14, 15) 
may be observed. This technique is called magic-angle sample-spinning (MASS) NMR. With less rapid rotation, well-resolved spinning sidebands form about the isotropic centerband at multiples o f the spinning frequency (w,.). For the anisotropic chemical-shift interactions or Knight-shift interactions, these sidebands may be considered a mechanical echo in the time domain after one rotor revolution (16). Figure Ic shows a typical result for the chemical shift anisotropy o f "Si in Na2Si205.
In Fig. Id (11) . The Summary. Recent improvements in instrumentation and technique now permit the observation of high-resolution nuclear magnetic resonance spectra of many nuclei in inorganic solids. The application of nuclear magnetic resonance to the study of the structures of materials of interest in chemistry, earth science, and materials science are discussed together with a prognosis for future work. (1) (2) (3) (4) . 
the experiment, samples o f a few hundred milligrams are rotated on air bearings at frequencies o f up to 5 kHz (--300,000 rpm). A typical rotor design and the orientation o f the axis o f rotation in the magnetic field is shown in

Theory and Experiment
Figure la shows a nuclear energy
Silicon-29NMR
Silicon was the first inorganic element to be studied in a variety of catalyst and mineral samples (1) (2) (3) . Silicon-29 resonates at 39.7 MHz in a 4.7 T magnetic field (corresponding to a 'H-resonance frequency of 200 MHz). Because there is no associated quadrupole moment, the absorption lines are quite narrow and the sensitivity is high. Indeed, very early investigation by Holzman et 01. (17) indicated considerable promise for high-resolution, solid-state NMR of silicon. However, it was only after the advent of commercial, high-field Fourier-transform NMR spectrometers some 20 years later that the promise was realized.
The results obtained to date show that NMR has great potential for investigating the structures of amorphous phases-glasses and various fine-grained materials such as clays and zeolitesthat cannot be readily investigated by means of single-crystal diffraction techniques. Quantitative information on the type of sites present and the order or disorder at a given site may usually be obtained in short time periods (minutes a zeeman Chemical shift anisotropy -1 1 2 -to a few hours). The data obtainedchemical shifts, chemical-shielding tensors, and, for quadrupolar nuclei, electric-field-gradient tensors-can be interpreted in terms of types of chemical bonding-covalency, bond angles, and bond distances. Moreover, in many cases, NMR may be used to determine the rates of motion of the various species present.
In Fig. 2 we show 29Si spectra that illustrate the points discussed above. For example, in Fig. 2a we show 29Si NMR spectra of diopside (CaMgSi206), clinoenstatite (MgSiOi), and a-silicon carbide (Sic). From x-ray crystallography, we know diopside has only one silicon site, whereas clinoenstatite has two (18, 19) . The 2 9~i NMR spectra indeed show one center band resonance for diopside (at -84 ppm from an external sample of tetramethylsilane), but two peaks for enstatite, at 8 1 and 8 3 ppm (20) . The spinning sidebands, which are marked with an asterisk for both samples, are due to the presence of a large chemical shift anisotropy. For a-SiC there are three peaks-a rather unexpected result due, perhaps, to the polytypic nature of this sample.
For the silicate minerals, the ranges of isotropic chemical shifts are a function of the different states of polymerization of the Si04 tetrahedra (QO, Q', Q2, Q', and e4). This makes 2 9~i NMR a most useful structure-sensitive tool.
Aluminum in framework (Q4) silicates, such as feldspar minerals and synthetic zeolites, causes a systematic deshielding at 2ySi (corresponding to so-called lowfield, high-frequency, or paramagnetic shifts). For example, in the zeolite Linde A, there is only one silicon resonance (at about 8 8 . 5 ppm, depending on the counterions present), corresponding to Si(4AI), in accord with a framework Si:AI ratio of 1.0 and obeyance of Loewenstein's rule (21, 22) . For Linde Y, there are a series of peaks, corresponding to Si(1AI) through Si(4AI) (23) , as shown in Fig. 2b . Analysis of the relative integrated peak intensities for . Linde Y yields the ratio of silicon to aluminum in the framework. That value is difficult to obtain by other analytical methods owing to the frequent occurrence of extra-framework aluminum, which may be directly detected by 2 7~1 NMR.
The silicon spectra shown in Fig. 2 , a and b, are from materials that are fairly well-defined crystallographically. In contrast, Fig. 2c shows the 29Si MASS NMR spectrum of a sample of shocked sandstone from Meteor Crater, Arizona, together with spectra of quartz (Si02) crystal and quartz glass. Our results (24) indicate that while much of the Si02 in the meteor-crater sample is present as crystalline quartz, as demonstrated by the sharp resonance at 1 0 8 ppm, approximately 5 percent is also present as the high-pressure polymorphs stishovite and coesite, as demonstrated by the peaks at -191.1 ppm for stishovite, which contains six-coordinate silicon at- oms (25) , and -108.1 and -113.9 ppm for coesite, which contains four-coordinate silicon atoms. When long recycle tim'es are used in the experiment (to avoid saturation of the quartz resonance), observation of the stishovite peak is most difficult (24) . With short recycle times, quantitative analysis of the high-pressure polymorphs in wholerock samples is quite feasible (24) . Thus, 29Si MASS NMR should be capable of detecting such species in other mineral sarhjiles that have been subjected to intense pressure.
Finally, we also show in Fig. 2c the 2 9~i spectrum of vitreous Si02, prepared by rapidly quenching a Si02 melt from about 1850°C. The resonance here is quite broad, and it extends from about -95 to -125 ppm. To date, there have been four main approaches to the analysis of such chemical shift information. First of all, the early studies of Lippmaa et ul. (1, 3) and Fyfe and Thomas and their co-workers (2), suggested the presence of nonoverlapping chemical shift ranges, that is, the chemical shift for 2 9~i nuclei in Q0 compounds did not overlap with those for 29Si in Q' compounds. Such optimistic relations soon broke down as more samples were examined. There is great overlap in the range of isotropic 29Si chemical shifts for silicon sites with different states of polymerization (QO to Q4) and for framework silicates with one to four aluminum atoms as next-nearest neighbors. - One successful method for interpreting these chemical shifts has been the Brown and Shannon (26) bond-strength method (20, 27) . These bond strengths are similar to the electrostatic bond strengths of Pauling but have been modified to include the effects of interatomic distance. To do this, the cation-oxygen bond strengths for all cations bonded to the four oxygens of a silica tetrahedron are totaled. These "cations" include the silicon atom itself and all cations outside the tetrahedron that are coordinated to these oxygens.
Pauling's original postulate was that the sum of the electrostatic bond strengths of the cations surrounding an oxygen atom should equal the absolute value of the valence of oxygen, where the bond strength for a cation is its valence divided by its coordination number. This rule has been used in evaluat. ing crystal structures determined by xray and neutron diffraction. However, the rule does not hold exactly for many structures, and bond lengths increase or decrease to compensate for too much or too little charge (28) .
The relation between bond strength 29 MARCH 1985 and chemical shift shown in Fig. 3a offers an explanation for the ranges of chemical shifts for the different structural types observed by Lippmaa et al. (1, 3) , for the overlap of these ranges, and for the deshielding caused by the substitution of aluminum into the silicon sites (27) . The sums of the bond strengths for a particular structural type tend to fall into one range, because the average number of silicon atoms bonded to a silicate tetrahedron decreases with decreasing polymerization. Silicon atoms have the largest effect on the 2 9~i chemical shift, which is understandable since the Si-0 bond is the strongest one involved [443 kJ1gram-atom (29)J. Variation in the kind and arrangement of other cations within a given structural type, however, causes the ranges in chemical shift to be large enough to overlap. This is especially true if the aluminum is six coordinate, as in the AI2SiO5 polymorphs. Substitution of aluminum for silicon in the tetracoordinated sites results in a lower bondstrength sum because the AI-0 bond is weaker (330 to 422 kJlgram-atom) than the Si-0 bond, which corresponds with the less negative chemical shift. Bonds to monovalent or divalent cations are even weaker and result in further deshielding. Overall, the observed correlation between chemical shift and the sum of bond strengths is very good (correlation coefficient of 0.88), as shown in However, when only framework (Q4) silicates are examined (30, 31) an even better chemical-shift correlation may be made with the secant of the Si-0-T (T = Si, Al) bond angle, 0, a relation suggested by the molecular orbital calculations of Gibbs (32) . We have extended these results to framework silicates containing zero, one, two, and four aluminum atoms per Si04 tetrahedron (Fig.  3b) , and Ramdas and Klinowski have recently obtained similar excellent correlations based on total Si . . . T nonbonded distances for silicon in the five kinds of Si (or Al) environments (33) . Figure 3 thus indicates that, for silicates of unknown structure, proposed structural models must be consistent with the observed "Si chemical shifts; it also shows that, for framework silicates, Si-0-T bond angles may be determined with some accuracy from the NMR observations. Such observations hold considerable promise for the structural analysis of amorphous materials. For example, the broad line shape of the Si02 glass in Fig. 2c may be analyzed in terms of various distribution functions of the Si-0-Si bond angles (34) . (Fig. 4b) . In general, with MASS NMR, these interactions are again averaged, and the sharp central absorption is observed together with a number of sidebands due to the satellite transitions (Fig. 4c) .
NMR of Quadrupolar Nuclei: Theory and Background
Most of the nuclei in the Periodic
When the quadrupole coupling constant is about 1 MHz, only the central (112 o 112) resonance is readily detect--ed experimentally, because there is usually significant broadening of the satellite lines due to either small fluctuations around the magic angle caused by rotor -3 1 2 wobble or a slight missetting of the magic angle. In fact, it is sometimes desirable to deliberately misset the magic angle in order to better define the line shape from the central transition. Missetting the magic angle introduces a residual broadening equal to about 2.5 percent of the line width from the solid sample if it were static, per degree of misset. In the case of the 5'V NMR spectrum of NaV03, for example, residual broadening of the firstorder satellite lines is nearly two orders of magnitude larger than that of the central (112 *
ppm, from an analysis of the sideband intensities (36) .
When the quadrupole coupling constant is even larger, about 3 to 10 MHz, fine structure appears on the central line, a result of the higher order effects that arise when the quadrupole interaction is a significant fraction of the actual resonance frequency. For example, in Na2Mo04 the quadrupole coupling constant for 2 3~a is approximately 2.6 MHz, and at all fields in the range 3.52 to 11.7 T there is pronounced second-order broadening of the central transition (Fig. 5a ). Spinning the sample at the magic angle is only partially effective in removing this broadening (Fig. Sb) , because it is described by a more complex angle dependence than the first-order interaction and does not vanish for any rotational angle. There are, however, optimal angles, which depend on the value of the asymmetry parameter of the electric-field-gradient tensor (6, (37) (38) (39) (40) (41) . Figure 5c shows that spinning a sample of 2 3 N a 2~0 0 4 at 75" from the magnetic field gives a resonance line twice as narrow as that obtained at 54.7". However, dipolar interactions and chemical-shift anisotropy interactions do not vanish under these conditions and can thus cause additional unwanted line broadening.
For most materials, the best initial strategy for studying a quadrupolar nucleus is to perform the experiment at as high a magnetic field strength as possible while spinning the sample at the magic angle (54.7") . This generally provides the best sensitivity and resolution and minimizes the need to correct the chemical shift for the second-order shift (42, 43) . However, the case where two nuclei, A and B, have the same isotropic chemical shift but different quadrupole coupling constant (e2qe1h) is an exception. In a high field, A and B will be unresolvable, whereas in a low field, the second-order quadrupole interaction shifts the resonance with the larger value of e 2 q~l h , permitting its resolution. An example, the case of "~0ãnd " B O~ units in a borosilicate glass, is shown in Fig. 5, d and e (44) . With this information we can now discuss the high-field NMR spectra of a number of quadrupolar nuclei of interest to chemists and earth and materials scientists. 
Oxygen-17 NMR Spectra
Oxygen-17 has a nuclear spin I = 512 and a quadrupole moment of 2 . 6 x m2, is only 0.037 percent abundant in nature, and resonates at 67.8 MHz in a magnetic field of 11.7 T (500 MHz 'Hresonance frequency). When it is in sites of less than cubic symmetry, there is thus considerable line broadening in its spectrum due to the quadrupole interaction. This line broadening and the low abundance have, until recently, precluded observation with NMK spectroscopy of this most important element-the most abundant element in the earth's crust.
However, in sites with cubic or closeto-cubic symmetry, 170MASS NMR lines are very narrow, -1 ppm (7, 81, and spectra may be obtained even at natural abundance (45) (46) (47) . The range of chemical shifts for group 11A oxides spans 618 ppm (47), from 22 ppm for B e 0 to 640 ppm for BaO; and the shifts are a function of the cation electronegativities, as observed in the "F NMK spectra of the group IA fluorides (48) . There is also an excellent relation between the 170 chemical shifts and the cation radius (47) . Furthermore, in some cases, complete powder patterns may be obtained for static samples, yielding accurate values for e 2 q~1 h . For example, with ZnO, e 2 q~1 h = 120 kHz (47) .
While such results with the group 11 elements might have been expected, more startling was the observation of high resolution spectra of complex oxoanions [tungstates, molybdates, and vanadates (8)],as well as of 170in the CO ligands of a number of metal carbonyls (49) . Such spectra are visible, because the e2qe/h values are small, and, thus MASS line widths of only 1 or 2 ppm are obtained at high magnetic field strengths; in many such systems the corresponding chemical shielding tensors are large, even though the quadrupole interactions are small. Figure 6 , a and b, shows typical "0 MASS NMR spectra of solid M~(bipyr)(CO)~ (bipyr = bipyridine) and K2W04, both enriched to about 20 percent with 170, which exhibit sharp, multiline spectra. For M~(bipyr)(CO)~, both cis and trans CO ligands may be detected, and their shift tensors determined (49) . For the W 0 4 2 ion there are three center band peaks together with nine sets of spinning side bands. 'The isotropic peaks have a 2: 1 :1 intensity ratio and correspond to the three nonequivalent oxygens observed by means of x-ray crystallography (50) . Analysis of the side band intensities as a function of spinning rate once again yields the complete chemical-shielding tensors for each nonequivalent oxygen (8) . However, not all species isoelectronic with WO?--have such large shift tensors-indeed, for KMn04, ACTis approximately zero (8) . Such information will permit more detailed analyses of chemical bonding in polyoxoanions, polyoxocations, and metal carbonyls than before. Already we have shown that the I7O chemical shift is a function of the metal-ion radius for nine M04 species isoelectronic with WO2- (8) . These results suggest that observation of 170shifts in less well defined oxide phases of catalytic interest could give useful information on structure and bonding.
Of more general interest in 170NMR are the magnitudes of the quadrupole coupling constants and the values of the asymmetry parameters of the electricfield-gradient tensors. For MO(CO)~ and K2WO4, e2q&/h values are small, =1 MHz; in the case of the carbonyl, this is in part due to n-backbonding, and in the case of the W 0 4 2 ion, to a fairly weak W-0 bond. Indeed, the early x-ray studies were prompted by the idea that the oxygen in such systems might best be regarded as the spherically symmetric 0'-species (50) ; that is, the phase was considered a candidate for a mixed-oxide formulation. These systems are clearly not ideal for determining e 2 q~/ h values because of the lack of observable quadrupolar structure, although such information may often be deduced with a fair degree of certainty from the field-depen- 29 MARCH 1985 dence of the isotropic chemical shift (42) .
By contrast, the silicate minerals offer a wealth of information, not only about chemical shifts but also about e2qelh and q values. We show in Fig. 6, c and For more covalent species, such as S102, we expect an increase in e2qQ/1~, and indeed, for Si02 in the form of low cr~stobalite we obtain e2qQ/1~ = 5.8 MHz, q = 0.1, and cr, = 36.1 ppm. Even at 11.7 'r, the overall breadth of the second-order powder pattern is about 20 kHz, much larger than our highest attainable sample-rotation frequencies (-7 kHz); so it is clearly preferable to utilize variable-angle sample spinning (at 75") for high-resolution studies of Si02 (8) .
To a first approximation, all of the results we have obtained from 170 NMR may be interpreted in terms of the ionic nature of the bonds between oxygen and its counterions. In Fig. 7a we show e2qe/h values plotted as a function of the average ionic nature of the bonds to oxygen, I. As an example, for a silicate containing solely Si-0-Mg bonds, we use Pauling electronegativities to calculate a 51 percent ionic character for the Si-O bond and a 74 percent ionic character for the 0-Mg bond, yielding an average of 62. nance spectra from a series of M-CI bonds (53) .
We are now in a position to obtain a wide body of information about the e2qQ/h and 7 values for oxygen in geologically and chemically interesting species. It may soon be possible to resolve long-standing questions, such as the degree of n-bonding in silicates (54) (55) (56) .
For example, in Fig. 7b we show the relation between e 2 q~l h and hybridiza-, tion state (plotted as Si-Oh,-Si bond angle, 0) for bridging oxygens in the Q4 silicates. The two lines in case A represent two proposed bonding schemes involving n orbitals only, whereas the two lines in case B represent n-bonding between oxygen p-orbitals and silicon dorbitals (57) . Clearly, the possible bonding schemes can be differentiated on the basis of eZqQ/h and 7 values from 1 7 0 spectra. With the availability of more complex computational devices (array processors) and development of appropriate theory, it should also be possible to use 170 (and 29Si) chemical-shift data to facilitate such determinations.
Aluminum-27 NMH Spectra
Aluminum-27 has a nuclear spin I = 512 and a quadrupole moment of 0.149 x m2, is 100 percent abundant, and resonates at 130.3 MHz in a magnetic field of 1 1.7 T. It is thus a most sensitive nucleus and has been investigated extensively in mineral and catalyst systems (1) (2) (3) (4) (5) . Because of this sensitivity, 27Al NMR enables us to carry out a number of studies that would be most difficult with 170or 29Si, and by way of example we shall discuss three types of experiments.
First, the high sensitivity of 27Al permits the observation of both MASS and (60) have convincingly demonstrated that during synthesis, aluminum is incorporated into the zeolite lattice (forming the zeolite ZSM-5) rather than being present as adventitious A1203, as had been claimed previously (61) , because a characteristic resonance around 55 ppm is observed rather than peaks at about 71 ppm (tetrahedral aluminum) or 9 ppm (octahedral aluminum) as would be expected for the A1203 polymorphs. Such observations of low aluminum concentrations have considerable promise for the detection of trace aluminum in various minerals. Furthermore, since A106 units in aluminas, aluminates, and aluminosilicates all resonate in the range of about 15 to -20 ppm, whereas A104 units resonate in the range of 80 to 50 ppm, even low aluminum concentrations may be characterized, a difficult task with any other technique.
To date then, the main use of 2 7~1 solid-state NMR, apart from early studies (62), has been as an analytical tool for the detection of octahedral and tetrahedral aluminum. Relatively few theoretical interpretations of the NMR data have been published. However, using data from wide-line 2 7~1 NMR at low fields, Chose and Tsang have attempted to determine some relation for A106 between the quadratic elongation of the octahedron, used as a measure of polyhedral distortion, and e2qQ1h (62) . For the All? aluminum sulfate cluster this treatment yields eZqQ/1z= 10.2 MHz, in good agreement with the NMR experiment, but the relation appears to break down for small values of e2qQ1h (59) . Interestingly, in the All, cluster found in the mineral zunyite, very sharp MASS NMR resonances for both tetrahedral and octahedral A1 have been reported (63) , corresponding to e2qQ/h values of about 0.6 MHz and 2.5 MHz, respectively. Because the structure of the Al13 cluster is essentially the same in the basic sulfate and zunyite, and bond lengths are similar, this suggests that the apparent facial ligand arrangement in zunyite could be the primary cause of the small electric field gradient (64). 'Thus, both the nature and symmetry of the ligand field must always be considered when interpreting e2qQlh data. In any case, it is clear that there are considerable opportunities for theoretical developments in interpretation of the eZqQlh, q, and u values for 27AI in inorganic solids now that experimental data may be obtained for numerous materials.
Finally, there has been little rigorous study of the quantitation of quadrupolar signal intensities, especially for aluminum. In some materials-for example, in high-surface-area y-A1203 (65) 
